A nondestructive dielectric method for sensing bulk density of granular materials is presented. The bulk density is determined from measurement of the dielectric properties of these materials at a single microwave frequency without knowledge of their moisture content and temperature. Bulk density calibration equations are generated from a complex-plane representation of the dielectric properties normalized with respect to bulk density. The effectiveness of the method is shown through measurement of the dielectric properties at 7 GHz for materials with significant compositional and structural differences, i.e. wheat, oats, corn and soybeans, over wide ranges of moisture content and temperature. The standard error of calibration and the relative error calculated for each material indicate that the method is as accurate as or better than commonly used methods for on-line density determination. Because the density is expressed in terms of the relative complex permittivity, the method can be applied regardless of the measurement technique (using transmission lines, a resonant cavity, admittance or impedance).
I. Introduction
Gninular materials are commonly encountered in many industries, such as the food and agricultural, chemical, mining, construction and pharmaceutical industries. Because of their particular behaviour, they have been subjects of extensive research in many scientific disciplines, including physics, soil science and remote sensing. In a recent review of the physical properties of granular materials [I] , granular materials were classified as a stale of matter in addition to solids, liquids and gases. Among the physical characteristics of granular materials, bulk density is often used as a quality indicator. It is also critical to the understanding of their flow dynamics and is often needed for the determination of other physical characteristics 12]. Bulk density is usually determined on a gravimetric basis as the ratio of the mass to the total volume or from indirect methods such as nuclearradiation-and dielectric-based methods. The gravimetric method is not always practical, especially in dynamic situations (in a conveyer, pipe, chute, mixer, dryer... etc) for which knowledge of the bulk density is needed in real time. Nuclearbased sensing devices for bulk density determination such as y-ray detectors are expensive and y-radiation constitutes a potential hazard.
In this paper, a microwave dielectric method for bulk density determination, based on the interaction of electromagnetic waves with granular or particulate materials, is described. It consists of measurements at microwave frequencies of their dielectric properties represented by the relative complex permittivity, r = -je", and the use of a complex-plane representation of the permittivity normalized with respect to bulk density [2] . The effectiveness 0957-0233/o1/122192+06$3000 02001 lOP Publishing Ltd Printed in the UKBulk density of granular materials of this method is shown here through measurements on grain and seed with significant structural and compositional differences (wheat. oats, corn and soybeans). Bulk density calibration equations, together with the standard error of calibration (SEC) and relative error in per cent, are shown for measurements at 7 GHz over a wide temperature range and for moisture contents of practical interest in the grain industry. One of the attractive features of this method is the determination of bulk density of granular materials exclusively from measurement of the dielectric properties without knowledge of the moisture content or temperature of the material. Therefore, the method can be applied in using available techniques for complex permittivity measurement, including those involving transmission lines, resonant cavities and impedance or admittance measurements. In industrial applications, this provides more flexibility in the choice of an appropriate measurement technique for the design of costeffective on-line microwave bulk density sensors.
Materials and methods

Free-space measurement of the dielectric properties
The dielectric properties of a material are intrinsic electrical properties that characterize the wave-material interaction. They are usually represented by the complex number e' e -je", where the real part, e', is associated with the ability of a material to store electric-field energy and the imaginary part, e", reflects the ability of a material to dissipate electric energy in the form of heat. Several measurement techniques can be used for the characterization of dielectric materials [3, 4] . In this study, a free-space microwave transmission technique was used for measuring the scattering complex transmission coefficient S21 [2] . The measurement arrangement for determining S21 for a layer of material of thickness d is shown in figure I . It consists of two horn/lens antennas (BAE Systems, model AHO-2077-N) providing a collimated beam with a plane wave at a short distance from the transmitting antenna. The two antennas were connected to the S-parameter test set of a HP 851 OB vector network analyser with high quality coaxial cables. They were placed 61 cm apart on a wood fixture which kept them well aligned. For measurement of the magnitude and phase of S 21 , a response type calibration was used with an empty sample holder as reference. The sample holder consists of a box of rectangular cross section and made of 2.5 cm-thick Styrofoam sheet material. It was filled with grain or seed to be measured and placed midway between two antennas in free space. The dimensions of the layer material were 25 cm transverse, 25 cm in height and d in thickness (table I) . The dimensions were selected to minimize effects of edge diffraction and multiple reflections within the sample [5] .
From measurement of the magnitude and phase of S21, E' and e" are calculated, assuming that a plane wave is propagating through a low-loss material (e" < 6'), as follows
( 2) where a = (20 log IS21 )/d is the attenuation constant
is the phase constant and $ = is the phase constant for free-space wavelength. The integer n is to be determined for layers of materials of thickness greater than the wavelength in the material. A two-frequency method was developed for this purpose [6] . The accuracy of measurement was improved by selecting appropriate sample dimensions: the use of a pair of horn/lens antennas providing a narrow beam with a plane wave propagating through the sample between the two antennas and applying time-domain gating to the main response to filter out effects of post-calibration mismatches and possible multiple transmission paths.
PIt .sical characteristics of grain and seed samples
Samples of grain and seed of various moisture contents were prepared and stored in sealed plastic bags for 72 h at 4 "C. For microwave measurements at room temperature, samples were allowed to equilibrate to the ambient temperature for at least 24 h. For all other temperatures, the samples were stored for three days in chambers for which temperatures were adjusted to the desired level. The temperature, T, of each sample, was taken with a digital thermometer after the microwave measurements had been completed.
The moisture content, M, in each sample, was determined with a standard oven method [7] . The moisture content, in per cent, is defined on a wet basis as
where m, is the mass of water'and m(/ the mass of dry matter. The bulk density, p, was determined gravimetrically as
where u is the total volume of the sample material. Each sample was weighed before microwave measurements were taken. The bulk density was then computed by dividing the total mass by the volume of the sample holder. To simulate changes in bulk density in dynamic situations microwave measurements were performed at various densities by settling mechanically each sample. For each sample, three levels of bulk density were obtained, starting with a loosely packed sample and finishing with a well-settled sample.
Other physical characteristics such as kernel size, geometry and, to some extent, composition are expected to influence the wave-material interaction at a given frequency and temperature. Table I summarizes some of the physical characteristics of grain and seed samples used in this study.
Results and discussion
Variations of e' and e" with bulk density
Granular materials are complex random dense media consisting of mixtures of components with various dielectric behaviours. Therefore, the complex permittivity of the mixture is rather the effective permittivity. Some electromagnetic mixture equations [8, 9] have been used with varying degrees of success to model the dielectric behaviours of these materials. For instance, in a three-component dielectric model, i.e. air, water and dry matter, water is expected to dominate the wave-material interaction. However, for a certain level of hydration, the varying degree of binding of water ranging from loosely bound to tightly bound makes it difficult to quantify in what proportion it affects the effective permittivity of the mixture. In fact, the dielectric behaviour of bound water in biological materials is not very well understood and there are no data in the literature that can be reliably used in a dielectric mixture model. Empirically, a better understanding of these complex media can be achieved by investigating the dependences of the dielectric properties on some important physical characteristics 1101. In general, at RF and microwave frequencies, ' and e" for cereal grains and seed increase with bulk density, temperature and moisture content. Therefore, decoupling the effects of density from those of moisture content and temperature (and vice versa) is a difficult task.
Differences in bulk density arc attributed to differences in structural and compositional properties among granular materials. In this study, oats present a relatively low density compared with wheat, corn and soybeans. Figures 2(a) and (h) show variations of e' and '. measured at 7 GHz, with bulk density of cereal grains and seed at given temperatures and moisture contents. Both e and e" increase linearly with density over a wide range of bulk density.
Complex-plane representation of the normalized complex perinittivilY.
Usually the complex-plane representation of the complex permittivity is used to reveal the frequency and temperature behaviours of dielectric materials [11] .
It consists of investigating the variations of t " as function of e' with frequency and/or temperature as parameters. In this study, the dielectric properties are presented at a single frequency and the physical properties of interest are the bulk density, p, moisture content, M, and temperature, T. Therefore, to accommodate all variables in one plot in the complex plane, the normalized dielectric loss factor (E"/p) is plotted against the normalized dielectric constant (E'/p) for samples of cereal grain and seed of various moisture contents at various temperatures. Data obtained at 7 GHz arc presented in figure 3(a) for wheat and oats and in figure 3 content or those of samples at low temperature (the freezing Equation (6) indicates that bulk density can be determined temperature of bound water). For each material, an increase in from measurements of dielectric properties without knowledge temperature and/or moisture content results in translation along of the moisture content or temperature of the material. the same straight line. Results of linear regression fitting are Equation (6) was used to compute the bulk density of each given in table 2. sample from measurement of its dielectric properties. The calculated bulk densities were compared with those determined 3.3. Bulk c/ens-if v determination gravi metrically by computing the SEC for each material as From equation (5) the bulk density p can be determined as follows:
( . where n is the number of samples, p is the number of variables in the regression equation and Ap i is the difference between the predicted bulk density and that determined gravi metrically. As shown in table 2, the standard errors of calibration are equivalent for wheat and oats and for soybeans and corn. For corn and soybeans the SEC is about half that for wheat or oat.s. Figures 4(a) and (b) show the calculated bulk density versus the gravimetric bulk density for all samples described in table I, with the chain line corresponding to the ideal relationship. Equation (6) seems to be effective for predicting bulk density both for low-density materials (represented here by oats) and for materials of much higher density (represented here by wheat, corn and soybeans). A better performance of equation (6) can be achieved by minimizing errors in measurements of e' and e". The scatter of data points for oats in figure 3(a) might be related to there being a higher proportion of air in the air-solidmaterial mixture. Consequently, the relationship between the normalized dielectric loss factor and the normalized dielectric constant might be improved by subtracting the dielectric constant of air from that of the air-oats mixture and normalizing the difference. In figure 5 , e"/p is plotted versus (e' -1)/p. The scatter of data points is significantly reduced and a linear regression fitting gives the following relationship: 
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Bulk density of ranular materials Although the coefficient of determination for equation (8) is much higher than that of equation (5) for oats, using equation (9) instead of equation (6) to compute the bulk density of oats did not improve the SEC. The relative error in determining the bulk density of each sample material from measurement of its dielectric properties was estimated as follows:
where P((,/e is the bulk density calculated with equation (6) and PA'r,r is the hulk density determined gravimetrically. A mean value of the relative error, in per cent, calculated from averaging values obtained for each sample of each material is shown in table 2.
Conclusions
The bulk densities of grain and seed can be determined from measurements of their dielectric properties at microwave frequencies. The method is effective over a wide range of bulk density for materials presenting significant structural and compositional differences. The SEC and relative error in bulk density for each material indicate that the method is as accurate as, if not better than, commonly used methods. An original feature of this dielectric-based method is the determination of bulk densities of wet granular materials without knowledge of their moisture contents and temperature, although they are both known to affect the dielectric properties of those materials in a way similar to that of bulk density. Also, because the bulk density is exclusively determined from measurement of an intrinsic property of the material, i.e. the relative complex permittivity, the method can be applied regardless of the measurement technique. Other advantages of the method, compared with gravimetric and nuclear-radiationbased methods, include its potential for real-time on-line sensing of bulk densities of grain and seed under dynamic conditions, flexibility of choice of appropriate measurement configuration and safety of use.
